Abstract. We studied tree regeneration, a key process for the existence of urban woodlands. We hypothesized that, besides the usual biological factors, anthropogenic ones (fragmentation, wear, pollution etc.) determine the regeneration success of tree species in urban woodlands. To test this hypothesis, within an observational setting, we collected data from 30 urban woodlands in the cities of Helsinki and Vantaa, Finland. We defined the number of living saplings (30-200 cm in height) as an indicator of regeneration success and used regression analysis to test different factors as independent variables. The results showed that different tree species responded differently to urban pressure. The regeneration of Picea abies decreased with increasing fragmentation of the forest landscape, whereas for the other most common (deciduous) species, regeneration increased. Wear, measured as total path area per study site, had a negative effect on regeneration success. An a posteriori examination of the data suggested that coarse woody debris might promote regeneration. We conclude that, although tree regeneration in general is not threatened in urban woodlands in the area we studied, the species composition may gradually change. We discuss some management implications for counteracting the urban pressures on tree regeneration.
Introduction
Human activities cause severe changes in ecosystems worldwide. In urban areas, these changes -for example fragmentation of forest landscapes, pollution, wear and the introduction of new species -are excessive (Rebele 1994; Breuste et al. 1998) . Hence, urban woodlands offer an opportunity to study the effect of various anthropogenic factors and the viability of forest ecosystems in extreme conditions (McDonnell & Pickett 1990; McDonnell et al. 1997) .
The terminology concerning urban forest ecosystems is diverse and evolving (Konijnendijk 1997; Rydberg & Falck 1998; Tyrväinen 1999) . Here, 'urban woodland' indicates indigenous forest stands of any size, within or in the surroundings of a city. In a woodland, field and ground layer vegetation is not managed as in a park and stand structure is more similar to that of a natural forest than a park. Forest is used as a general term, referring to the frameworks of forest ecology and urban forestry.
The natural dynamics of urban woodlands has been a neglected research subject, perhaps because of the prevailing assumption that urban woodlands 'need' management, and because urban ecology has been deemed 'uninteresting' (Niemelä 1999) . Now, worldwide urbanization and growing awareness of environmental issues challenge scientists to re-evaluate the present knowledge and management strategies (Konijnendijk 1997) . It is essential to recognize the disturbance agents and understand the processes operating in urban woodlands, if we want to know how to manage (or not to manage) them sustainably. The negative effect which forestry may have on biodiversity (Heliövaara & Väi-sänen 1984; Rassi & Väisänen 1987; Bader et al. 1995; Renvall 1995; Niemelä 1997) adds to the importance of critically re-evaluating the way we treat our woods.
The effect of air pollution on woodland vegetation in the Greater Helsinki area has been monitored since 1988 (Pihlström et al. 1994; Niskanen et al. 1996) . Many indicators of air pollution (e.g. needle loss of conifers and heavy metal contents in mosses) show a gradient from the centre of Helsinki towards the surroundings. It is a common belief among urban foresters in Finland that pollution, wear and vandalism suppress regeneration, especially in old Picea abies dominated forests. Indeed, a negative effect of recreational use on regeneration has been reported elsewhere (Tonnesen & Ebersole 1997; Bhuju & Ohsawa 1998) . However, no data exist on regeneration of trees in woodlands in Helsinki and the surroundings, although regrowth is essential for the existence of the ecosystem in the long term.
Here, we aimed to (1) describe the amount of regeneration in urban woodlands, (2) test, with observational data, a priori hypotheses about factors affecting regeneration success of trees, and (3) a posteriori explore data for more details. Our design was not experimental, but with restrictions, hypotheses can also be tested within an observational setting (Cook & Campbell 1979) . We wanted to clearly distinguish hypothesis testing from blind exploration, and thus treat them separately.
When studying urban ecology, we can assume that ecological processes in urban areas are similar to those in rural environments (Niemelä 1999 ). Thus, we based our theoretical framework and hypotheses of regeneration on knowledge gained from both urban and rural forest ecosystems as follows. We hypothesized that in similar urban woodland sites, the regeneration success of trees is determined by: (1) a positive effect of availability of regeneration sources for sprouting or recruitment from seeds (Johnson et al. 1981; Ranney et al. 1981; Zasada et al. 1992) ; (2) a negative effect from decrease in growing space (Kuuluvainen et al. 1993; Oliver & Larson 1996) ; (3) species-specific effects of altered light and climate conditions, following fragmentation of the forest landscape, (Levenson 1981; Ranney et al. 1981; Saunders et al. 1991) ; (4) a negative effect of the amount of wear (Tonnesen & Ebersole 1997; Bhuju & Ohsawa 1998) ; (5) species-specific effects of other anthropogenic disturbances such as creation of new substrates or dog fouling (Bullock & Gregory 1991; Shaw et al. 1995) ; (6) a positive effect of the availability of favourable microsites for regeneration (Hofgaard 1993; Kuuluvainen 1994; Tonnesen & Ebersole 1997; Lehvävirta 1999 ) and (7) species-specific effects of air pollution (Scholz 1981; Väisänen 1986; Prus-Glowacki & Godzik 1991; Larcher 1995) .
Material and Methods

Study sites
The study was conducted in the adjacent cities of Helsinki and Vantaa, Finland. The area (60∞ N, 24∞ E) belongs to the hemiboreal vegetation zone (Ahti et al. 1968) , and contains broad-leaved deciduous and coniferous forests. Helsinki (population 540 000) covers an area of 185 km 2 and Vantaa (population 171000) an area of 243 km 2 (Anon. 1998) .
We searched for sites of medium fertility (Myrtillustype) on coarse or semi-coarse moraine from Helsinki and Vantaa Cities' Green Area Divisions forest inventory data. We examined 158 forest compartments, older than 84 yr, and classified them according to management intensity (method adapted from Lindholm & Tuominen 1993) . To minimize the effects of management on regeneration, we chose the 30 most natural ones as study sites.
The dominant trees in the sites were 85-150 yr old, with a mean dbh of 24 -55 cm, a stem density of 70 -570 ha -1 , and a basal area of 8 -26 m 2 ha -1 . Picea abies was usually the most numerous species, but Pinus sylvestris and Betula pendula were also common. Other species in the dominant tree layer were Populus tremula, Sorbus aucuparia, Acer platanoides and Betula pubescens. The study sites (forest compartments) varied in size from 0.2 to 2 ha, and were located along a gradient from small isolated patches (0.2 ha) to large continuous woodland areas (up to 500 ha). The number of inhabitants and the presence of schools and kindergartens varied in the surroundings of the sites (Vuori 1998) .
Measurements
We examined 8 (in the smallest sites < 8 but minimally 5) random plots of 5 m ¥ 6 m in the 30 study sites in July-August 1997. Most of the plots were placed at least 5 m from each other and the site edge. The numerous saplings and small trees (< 2 cm dbh) of Sorbus aucuparia were measured in a subplot of 1 m ¥ 5 m.
In the sample plots, we counted living saplings (30-200 cm in height) and recorded the species. Shoots growing closer than 50 cm from each other were counted as one individual, if they could be identified as root suckers. Only every second individual exactly at the plot edge was noted. Other data collection on the plots included dbh; horizontal length or largest diameter of all structural elements, including stones, topography, fallen trees and all other measurable structures at least 30 cm high; area and level of wear of spontaneous paths (Lehvävirta 1999) .
Logic of testing
We used the number of saplings (height 30 -200 cm) per study site as an indicator of regenerative success. This was determined for Picea abies, Sorbus aucuparia, Populus tremula, Acer platanoides, Betula spp. (including pubescens and pendula), all the other species pooled and the total number of all saplings. The group 'other species' consisted of species with too few observations to be studied individually. The numbers of saplings were subjected to log 10 (x + 1)-transformation.
We used linear regression models to test our hypotheses statistically (software Statistix 7; Anon. 1996) . There, the significance of variables is tested using individual t-tests, for which the hypothesis can be stated loosely as, 'does the variable under test give information (on the behaviour of the response variable) in addition to the variables already included in the model'. One cannot speak about the significance of a variable in any absolute sense: the variables present in the model determine the interpretation of the test result of a single variable (Weisberg 1985; Kerlinger 1986 ). We made use of this by testing each independent hypothesis in an appropriate model (Table 1; for precise description of  variables, see Table 2 ), thus providing a logically more sound test setting than in an ordinary all-in-one -model.
The first group of hypotheses (I) concerned the effects of available regeneration sources, growing space and forest fragmentation. While PARENTS indicate potential regeneration sources, PARENTS SQ allows a curvilinear relationship, and signifies limitation in growing space, together with OTHER TREES. FOREST AREA indicates changes in climatic and light conditions due to fragmentation. The adjusting variables were in the model to control for the possible effects of wear and safe sites.
The second group of hypotheses (II) concerned the effect of wear and availability of favourable microsites for regeneration. Wear was measured indirectly by US-ERS, favourable microsites by BARRIERS and BARRIERS SQ. To adjust for ecological differences between sites, we included the variables signifying regeneration sources, growing space and fragmentation in the model. For further specification of the hypothesis, FOREST AREA was dropped from the model to test whether it affected the results for USERS.
The hypothesis (III) concerned anthropogenic disturbances other than actual wear. The appropriate model included all of the variables that were in model (II) plus PATH AREA, to test the behaviour of USERS when adjusting for wear.
The next hypothesis (IV) concerned the effect of actual wear, as measured directly by PATH AREA. We expected PATH AREA to be affected by USERS, BARRIERS and BARRIERS SQ, and to allow the effect of PATH AREA to be visible in the model, the latter three were not included. Finally (V), we tested the effect of air pollution, as signified by the index variable POLLUTION, which indicates stress symptoms of Picea abies on spruce dominant sites. It has the benefit of being a robust indicator on an ordinal scale, reflecting the same overall spatial pattern as indices based on e.g. the condition of epiphytes and heavy metal accumulation in the humus layer (Pihlström et al. 1994 ), but it is also subject to criticism, as it may depend on factors other than air pollutants (for example, fragmentation). To minimise the risk of confusing the effect of another factor with that of POLLUTION, this variable was tested within a full model adjusting for all the other hypothesised factors.
The reader should be aware that an observational sampling design such as that used here, does not allow as strict testing as a manipulative experimental set-up would. Many ecological studies cannot -for various reasons -be conducted experimentally, and often the epistemic status of the results remains obscure. Here, we want to show how, despite the observational design, with the a priori approach one can test hypotheses instead of settling for fuzzy exploration. Simply, a priori hypotheses are tested because a possibility for rejection exists (Cook & Campbell 1979) . We have used statistical controlling to overcome the lack of manipulation: testing each variable in a carefully a priori defined model provides a much more severe test than the ordinary one-model regression procedure (Hinkelmann & Kempthorne 1994) . Further, we did not just test many models once, but tested each model against seven response variables, which allowed us to see whether reasonable patterns existed in the results.
Exploration of data
In a best subset regression (software Statistix 7; Anon. 1996), we took advantage of more refined data that was not used in the above tests. The independent variables used in a priori tests were divided into components, to explore the effect of the size and species of trees, type of structural elements, such as microsites, size of forest area and distance from the forest edge, different groups of potential recreationists and levels of actual wear (Table 2) . Data on the forest compartments from the Green Area Divisions were used to check for effects of the dominant tree layer on regeneration. 
Results
Amount of regeneration
We identified saplings of 23 woody taxa capable of growing at least 2 m high; most saplings were Sorbus aucuparia (Table 3 ). There was a marked change in dominance and a decrease in the number of species with increasing size (Fig. 1) .
Stem diameter distributions were skewed to the right, i.e. there were many saplings and a decreasing number of individuals with increasing size (Fig. 2) . The group 'other species' included one individual of Alnus glutinosa with a dbh of 10 cm. The rest of this group were present as a few individuals of 1 or 2 cm dbh (Amelanchier spp., Juniperus communis and Prunus domestica) or only as saplings (cf. 
The a priori hypotheses
The estimation results for the regression models are given in Table 4 . The adjusted coefficients of determination (R 2 ) across the models were highest for Acer platanoides. For most response variables, the highest or second highest R 2 was for model IV.
The number of saplings increased together with PAR-ENTS as hypothesized (I). When the number of parent trees increased above a certain level, all models except the one for Picea abies showed a decrease or a retarded increase in sapling number, signified by PARENTS SQ. OTHER TREES did not show any trend. The effect of fragmentation on regeneration (I) was supported by the results: the coefficient of FOREST AREA was negative for all except Picea abies and the other species group. Contradictory to our expectations wear, as measured indirectly (II), was not a good predictor of regeneration success. Further model specification showed that the effect of USERS was masked by FOREST AREA without which the negative effect of USERS became more visible. Moreover, USERS had a positive coefficient for each deciduous taxon, when adjusted for FOREST AREA and PATH AREA (III). The effect was strongest for Populus tremula: an increase of 100 in USERS corresponded an increase of 4% in the number of saplings. Usually, BARRIERS had a positive regression coefficient, while BARRIERS SQ had a negative one, indicating a decrease in sapling number after a certain amount of barriers.
Wear, measured directly as PATH AREA (range 0 -79.6 m 2 /100 m 2 ), had a negative effect on all of the response variables, which supported our hypothesis IV, despite several large p-values of individual t-tests. A one unit increase in PATH AREA (i.e. percentage of trampled area increase by one unit, for example, 1 m 2 /100 m 2 ) corresponded to a decrease of 1 -2% in the number of saplings.
POLLUTION (V) had a negative regression coefficient in all models, except for the other species group.
Data exploration
The models developed with the best subset regression are shown in Table 5 (see Table 2 for the list of independent variables and their abbreviations). The effect sizes should not be looked at as hard evidence, but merely as hints on the relative importance of different effects for further studies. The positive effect of regeneration sources was again obvious for most sapling species, as shown by the positive effect of PARENTS and larger (dbh ≥ 10 cm) source trees. This eliminated the possibility of having confused vigorous regeneration (a lot of small parent trees) with regeneration sources for a priori hypothesis testing. For Sorbus aucuparia and Betula spp., however, PARENTS was rather an indicator of continuous regeneration, as the larger source trees had a negative coefficient. Otherwise individual tree species (dbh ≥ 10 cm) did not show general trends in their effects on the number of saplings.
The positive coefficient of DBH OF DEAD TREES and the negative coefficients of PARENTS SQ, LARGE TREES, dbh OF LIVING TREES and AGE, suggested that available growing space mattered. Furthermore, the fact that SMALL TREES had positive coefficients during all best subset procedures, revealed why the OTHER TREES variable in the tested models was not a good indicator of growing space: it also indicated vigorous regeneration that had just passed the sapling stage, as it included small trees.
Data exploration supported the existence of an effect of FOREST AREA on the number of saplings. However, EDGE DISTANCE was clearly a better predictor in the final models, suggesting that distance from the forest edge was more important than the size of forest area as such. Increase in EDGE DISTANCE had a negative effect on the number of all saplings except Picea abies and the other species group.
An increase in INHABITANTS had a positive effect on the numbers of Populus tremula, Betula spp. and Sorbus aucuparia saplings and for all species pooled, but only P. tremula and Betula spp. flourished near schools and kindergartens. An increase in area of even the most lightly worn paths (Table 2 ) had a negative effect on the response variables, and PATH AREA was included in three models.
FALLEN TREES or COARSE WOODY DEBRIS usually had a positive effect on the number of saplings. Only Acer platanoides did not benefit from the presence of any sort of dead wood. COARSE WOODY DEBRIS was modelled to increase the number of Betula spp. and Picea abies saplings by 17 and 9%, respectively, for an increase of 100 m/ha in COARSE WOODY DEBRIS. STONES had a negative effect on the number of saplings, except for Betula spp. and P. abies.
A possible effect of POLLUTION was also supported by the results of the best subset regression. It had a negative effect on all the sapling species except Acer platanoides and the other species group. 78 (0.21) 0.68 (0.31) 0.64 (0.27) 0.67 (0.31) 0.79 (0.17) 0.53 (0.24) 0.54 (0.21 ) n 2 9 2 9 2 9 2 9 2 9 2 8 2 8 *1 The constant is the value that the dependent variable has at the medians of the independent variables (number of saplings per 100m 2 ). *2 Due to log-transformation, the percentage changes are with respect to a two-fold increase in edge distance. *3 Standard Deviation of the residual
Discussion
Past and present regeneration
All the commonest tree species were present as saplings and small trees, indicating good regeneration potential. The numbers of saplings were comparable to those in rural woodlands (Leemans 1989; Kuuluvainen 1994 and references therein) . Size distributions of Picea abies, Pinus sylvestris and deciduous trees resembled those of comparable sites in southern Finland (Lähde et al. 1991) . However, in our study area, a larger proportion of regeneration consisted of deciduous species, particularly Sorbus aucuparia (Table 6) .
Only 6 species made up the size classes from 20 to 40 cm (dbh), though other tall-growing species (i.e. Acer platanoides, Salix caprea, Prunus padus, Alnus incana, Quercus robur) were present as saplings or small trees. Kubota & Hara (1996) observed differentiation of regeneration patterns among species in a subboreal forest in Japan. Our a posteriori results suggest the same phenomenon, as the hypothetical models about factors affecting regeneration are different for each species. A follow-up study would be interesting in order to see which species of the regenerated stock will form the future canopy layer.
Factors affecting regeneration in urban woodlands
The importance of regeneration sources for regrowth was predictable, as sprouting and seed rain from trees at the site are known to strongly contribute to regeneration (Johnson et al. 1981; Ranney et al. 1981; Zasada et al. 1992) . Apparently, growing space matters too, but a more exact measure than the number of other living trees is needed. Based on a posteriori exploration, the summed dbh of all living trees seemed useful. This parallels the results of Kubota & Hara (1996) , who used the summed basal area of all trees (≥ 2 m tall) to explain recruitment of saplings into the tree layer. The negative effect of age may be due to a decrease in available growing space due to canopy closure and increasing root competition. This cannot be interpreted outside the narrow age range in our data, as the effect may differ according to the age of the dominant tree layer. Levenson (1981) and Ranney et al. (1981) suggested that light and wind penetration that depend on woodland island size, shape, orientation and width, might affect tree species composition. These climatic factors could be a reason for the observed decrease in Picea abies and increase in Populus tremula and Sorbus aucuparia saplings towards the woodland edge. However, the same explanation is not likely for the increase in Acer platanoides saplings towards the edge as the species can withstand shade. Instead, increase in soil nitrogen and pH, together with seed rain from A. platanoides in parks and along streets, may play a role here (cf. Sachse et al. 1990; Kurtto & Helynranta 1998) .
The negative effect of wear (Tonnesen & Ebersole 1997; Bhuju & Ohsawa 1998) gained support, as path area affected the number of saplings negatively in all models. The number of people in the vicinity of a study site was not a good indicator of wear. First, it was partly confounded with woodland size and distance from the edge, and second, anthropogenic disturbance had some positive effects, most clearly on Populus tremula and Sorbus aucuparia saplings. Interestingly, the positive effect was not a by-product of edge effect or seedbed preparation by wear. It could be due to, for example, fertilization by excrements from domestic animals and the formation of new substrates (Bullock & Gregory 1991; Shaw et al. 1995) . Tonnesen & Ebersole (1997) showed that, in heavily trampled areas, spots which are protected by rocks and woody plants, may retain their regeneration ability. Our study sites were less worn, which may partly explain why pooled structural elements suggested only a slight positive effect. Furthermore, different barriers do not form equally good recruitment sites (Zasada 1992) . In the first place, fallen trees are indicative of released growing space and offer favourable microsites for regrowth (Hofgaard 1993; Kuuluvainen 1994) but, in the most worn-out woodland areas, they may also limit wear (Lehvävirta 1999) . Our hypothetical result about the positive effect of decaying wood on regeneration would be worth testing, as it parallels findings in rural boreal forests, and because the same idea has been presented elsewhere too, e.g. for an urban woodland in New York City (Rudnicky & McDonnell 1989) .
The concentration of air pollutants such as nitrogen Table 6 . Tree species in urban (our study sites) and rural (Lähde 1992) woodlands (% of total number). compounds, sulphur dioxide and ozone, still exceed acceptable levels in Helsinki and Vantaa, though sulphur and nitrogen levels are declining (Niskanen & Ellonen 1998) . According to our results, air pollution may have a negative effect on regeneration of trees, particularly Picea abies and Sorbus aucuparia. This is in accordance with Larcher (1995) , who suggests Picea spp. to be relatively sensitive to air pollutants. However, S. aucuparia has been claimed to be quite tolerant (Hawrys 1984; Supuka 1992) . Our results are speculative because, even though our measure of air pollution showed the same areal pattern as other indicators of pollution, it is possible that the observed pattern was due to a confounding effect, for example climatic changes towards the city centre. The question about the effect of air pollution on urban woodlands has been raised before (e.g. Rudnicky & McDonnell 1989) , but still lacks reliable answers.
Suggestions for planning and management
The regeneration of natural urban woodlands is usually adequate to ensure continuity, but tree species assemblages may change in the long term, as various anthropogenic factors affect different species differently. Here, the strongest of these factors were fragmentation (emphasising edge effect) and wear.
The size and shape of a woodland is of concern when attempting to preserve a viable P. abies population. Though fragmentation did not have a negative effect on other species, there may be indirect effects from the loss of woodland area. Firstly, the loss of area may result in more intensive use and wear of the remnant patches. Secondly, transfer of material (e.g. dust, seeds and pathogens) into the remaining stands may increase and interfere with essential processes (reviewed by Saunders et al. 1991) .
In areas suffering from air pollution or intensive recreational use, regular thinning seems unwise, as dense stands may be more sustainable against pollution (Norokorpi & Frank 1993) and wear (Lehvävirta 1999) . Furthermore, our hypothesis about the detrimental effect of lack of fallen trees may apply generally, as studies in different forest ecosystems show that fallen trees can act as 'nurse logs' (Hofgaard 1993; Kuuluvainen 1994; Silvertown 1992 ) and possibly as natural barriers against wear.
